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Abstract

Hydrogen ion species and discharge characteristics have been compared

for two different magnet geometries in a multicusp ion source. One magnet
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could be reduced by eliminating the high energy ionizing electrons near the

configuration indicated that the H, ion percentage in the extracted beam
ion extraction region. To accomplish this and maintain the desire features
of both magnet geometries, a magnetic filter was installed near the source
exit. With this combined arrangement, we found that the H+ ion percentage
and discharge condition were much improved and a more uniform profile across
the extraction plane was achieved. The atomic species fraction can then be
further enhanced by the addition of low energy (~16 eV) primary electrons

into the source plasma chamber,






Introduction

Multicusp plasma devices are capable'of producing large volumes of
uniform and quiescent plasma with densities exceeding 1012 ions/c,c.l’2
Recently, there has been a growing interest in applying such devices as
ion sources for neutral beam injection sysi:emsBm6 and for particle accelera-
tors,7’8

To increase plasma penetration by a neutral beam, a high percentage of
n or D’ is desired. Thus we have investigated the hydrogen ion species
composition in a multicusp source with two different magnet configurations.
The results of this investigation indicated that the presence of primary
ionizing electrons in the vicinity of the ion extraction grid increased the
percentage of the H; ions in the extracted beam. To take advantage of this
observation, a permanent magnet filter was installed across the source
chamber to eliminate the presence of these ionizing electrons in the front
region of the source. The use of this filter with the longitudinal cusp
geometry greatly improved the atomic species as well as the source operability
and the plasma density profile. It is also possible to further enhance the
#' ion percentage in this arrangement by injecting 16 eV electrons from a
second set of cathodes into the source plasma. These electrons cannot produce

H; ions, but they can dissociate the hygrogen gas molecules and the molecular

ion species.,

I. Experimental Apparatus

The experiment was performed in a 20 cm diam by 30 cm long stainless
steel chamber with the open end enclosed by a three-grid extraction system.

Samarium-cobalt magnets (Bmax&=3.6 kG) can be mounted easily on the external



surface of the source chamber to generate continuous line-cusp configurations
which are used for primary electron and plasma confinement.2 A schematic
diagram of the ion source is shown in Fig. 1. A steady-state hydrogen plasma
was produced by primary ionizing electrons emitted from six, 0.05-cm-diam
tungsten filaments, which were biased at approximately -70 V, with respect to
the source chamber wall which served as the anode.

The ion beam was extracted by means of a standard Berkeley accel-decel
three electrode system with the first multi-slot plasma grid masked down to
an extraction aperture of about 2 cm diameter. The source was operated with
the plasma grid either floating or connected to the source chamber, which in
turn was biased at a positive ion extraction potential (~ 300 V) relative to
ground. The outermost grid was electrically grounded and the center grid was
biased at -60 V so as to retard any back-streaming electrons. A compact magnetic-—
deflection mass spectrometer9 was installed just outside the¢extractor to
measure the hydrogen ion species distribution of the extracted beam. In normal
operation, the pressure indicated by an ionization galige located downstream
from the mass spectrometer was about 1 x 10"-4 Torr. This pressure is sufficiently
low that dissociation and charge-exchange processes are minimized in the region
between the extractor and the spectrometer. The actual source pressure was
approximately 1.5 x 10_3 Torr. Plasma parameters and saturated ion current

density profiles were obtained by using movable Langmuir probes.

II. Magnet Configurations

Plasma confinement by different magnet geometries has been studied by
Leung et al.2 It is found that the continuous line-cusp configuration is more

efficient than the broken cusps or the checkerboard arrangement. When operated



as an ion source, continuous line-cusps can be formed either by mounting
columns of magnets parallel (longitudinal) to the source axis (Fig. 1(b))
or by installing rings of magnets around the chamber perpendicular to the
source axis (Fig. 1(a)). Since the magnets are external, the two line-cusp
configurations could be interchanged easily without opening the vacuum
system.
‘(a) Longitudinal

With the magnets arranged to form longitudinal line-cusps (Fig. 1(b)),
the plasma density profile in front of the plasma grid (Fig. 2) had a uniform
region of about 6 cm diam. The fact that the plasma grid was floating at ~40 V
below the anode potential, together with the complete Langmuir probe
characteristics of Fig. 3(a), indicate that a sizeable number of high energy
electrons are present near the ion extraction region. These electrons can
cause ionization in front of the plasma grid. As a result, a high percentage
of H; ions will be contained in the extracted beam and this is illustrated

by the spectrometer output signal in Fig. 4(a).

Figure 5 shows the ion species distribution as a function of discharge
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reaching about 40% at Id==15 A.

current I1,. For Id < 15 A, the percentage of H, in the beam is greater than

d
o . . + .
40%. The atomic species H increases with Id’

The source became quite unstable when I,=20 A, and attempts to increase I

d d

by increasing the filament heating current ended up with the filaments being
destroyed. Whether this instability was -a '"'mode" change5 was not determined,

however satisfactory operation in excess of I,=20 A with this test geometry

d
was not possible.
(b) Rings

When the magnets were arranged in rings around the chamber (Fig. 1(a)),

the source could be operated satisfactorily with a high discharge current
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and at the same gas pressure as the longitudinal cusp configuration. The H2

fraction in the beam was found to be much smaller as illustrated by the

spectrometer signal in Fig. 4(b). In fact, for‘Id < 30 A, Fig. 6 shows that
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ions increases from 32 to 76% as Id is varied from 5 to 30 A. Thus, this

the percentage of H, ions is less than 8%, while the percentage of the H
ring cusp geometry yielded a much larger fraction of H ions than the longi-
tudinal cusp configuration. The big increase in atomic species of this
magnet geometry is attributed to the filtering effect of primary ionizing
electrons by the radialycomponent of the B-field in the successive magnetic
wells as illustrated in Fig. 1(a). The Langmuir probe traces obtained near
the center of the plasma grid (Fig. 3(b)) demonstrate that only very low

energy electrons are present in the front part of the source. Therefore, the
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much reduced. However, this test ring-cusp geometry produces no radial B-

production of H, ions by energetic electrons near the extraction grid is
field at the axis of the source chamber. Instead, an alternating axial B-
field of approximately 50 G is present in that region. Thus primary ionizing
electrons can still tunnel through to the extraction region along the axis,
resulting in a poor density profile at the extraction plane which is sharply
peaked at the center as shown in Fig. 7(a).

Figure 7(b) shows that the floating potential Vf, measured by the movable
Langmuir probe in front of the plasma grid, follows the shape of the density
profile. This indicates that the number of energetic electrons varies with
the radial position and thus it is suspected that the species distribution
will also vary accordingly. In this experiment, the entrance slit of the
spectrometer was located about 1.5 cm from the center and the floating potential
there was more positive than that of the center position. As the diameter of

the source chamber is increased, the magnitude of the filtering B-field will



br reduced. Hence, the density profile for the ring geometry would improve.lo
At the same time, the atomic species fraction in the beam is expected to
decrease due to the reduction in the radial component of the B-field which

in turn allows the energetic electrons to reach the grid region.

III. Permanent Magnet Filter

- To take advantage of the results obtained from the ring-cusp geometry,
a permanent magnet "'filter" which provided a limited region of transverse B-
field to confine energetié electrons was installed across the front part of
the source chamber (Fig. 1(c)). This filter was used along with the Longitu-
dinal-cusp configuration as it was this m;gnet geometry that produced the
desired plasma density profile. The magnets were enclosed in water-cooled
channels and they were arranged with opposite polarity facing each other as
shown in Fig. 8,11 The magnitude of the B-field was adjusted by employing
ceramic bar-magnets with different thicknesses.

With the filter in position, the source is essentially divided into two
chambers. One chamber, which is a complete multicusp plasma source with one
leaky side, contains the energetic electrons and is therefore the ion source
chamber where all the ionization occurs. The other chamber, which is the ion
extraction region, contains a plasma with only low energy electrons. If the
B~field of the filter is made only strong enough to return the primary
electrons to the source chamber, positive ions as well as cold electrons can
still diffuse into the ion extraction chamber,12 The exact process of how
the low energy electrons are allowed to escape across the B-field is not yet
fully understood, however, it may be recognized as the same effect which we

encountered in our study of the plasma in the exit region of the self-
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extraction negative ion source. With only low energy electrons present
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With the addition of the filter, the source has been operated continuous-

in the ion extraction chamber, very few H, ions are formed in this region.

ly with a discharge current as high as 90 A (limited by the power supply)
without the previous indicated instability. The plasma density in the extraction
chamber is always less than that in the source chamber, and this reduction is

a function of the magnitude and thickness of the filter magnetic field, as

well as to the filter's geometric transparency. With a strong B-field, this

13,14 The filter has been

reduction can be as high as two orders of magnitude.
tested with three values of B-field; namely 25, 40, and 65 G with thickness of
about 3 em. As the field strength of the filter is increased from 25 to 65 G,
the H+ ion species percentage increases from about 60 to 787 with Id = 80 A,
but the ion current density in the extraction plane decreases (Fig. 9). With

a 40-gauss-filter, Fig. 10 shows that the plasma density profile .in front of
the plasma grid has a uniform region of approximately 7 cm diam which is
slightly larger than the case without the filter.

The ion extraction chamber can be isolated electrically from the source
chamber as illustrated in Fig. 1(c¢). By biasing the plasma grid together with
the extraction chamber several volts negative with respect to the source
chamber, the ion current density at the extraction plane is increased by
approximately 30% as shown in Fig. 11, This increase in ionm current density
is accompanied by an increase in the electron temperature as shown in Fig. 12,
At the same time, the plasma potential near the grids, as indicated by the
knee of the probe trace, also becomes more positive with respect to the wall
of the extraction chamber. However, the plasma potential in the source chamber

remains at +4 volts relative to the source chamber wall. Thus, the potential

of the plasma in the extraction chamber is approximately 2 volts more negative



than that of the source éhamber for all bias voltages.

To improve the geometric transparency, a new filter has been constructed
by installing thin ceramic magnet rods (cross—sectional area = 3.5 x 3.5 mmz)
into six 0.6 cm diam copper tubings that are placed 4 cm apart. In this
arrangement, the magnets are well cooled by running water through the spacing
between the magnets and the tubing-wall. Figure 13 shows the B-field variation

across this filter. When the source was operated with I, = 10 A, the total ion

d
current collected by the plasma grid in the presence of the filter was 1.22 A
which corresponds to a current density of about 10 mA/cmz. Without the filter,
the total iom current collected was 1.8 A for the same discharge current.
Therefore the effective transparency of this filter is approximately 68%.

Figure 14 shows the variation of species composition as a function of discharge
current. In general, the H+ ion fraction is about six percentage points higher
than the‘case without the filter for the same discharge current (for Id < 30 A).
Optimization of the B-field and magnet geometry of the filter is in progress

and results will be reported. A large scale experiment has also been planned

to test the effectiveness of this type of filter at high density pulsed operation,

IV. Low Energy Electron Injection

In the presence of the filter, the source has been operated with I, as

d

hgih as 90 A. In order to further enhance the H+ ion percentage, primary
electrons with energy approximately equal to 16 eV were injected into the
source chamber from a second set of cathodes. The high density in this chamber
is particularly favorable for the space-charge-limited emission of these low
energy electrons. Once inside the source plasma, these electrons cannot

produce H; (the threshold energy for ionizing H, is 15.8 eV), but they can

2

. . +
dissociate the hydrogen gas molecules 15 and the molecular 1on species Hz and



H;. Figure 15 shows that for the 40-gauss-filter and with Id = 90 A, the atomic

species percentage is increased from 72 to 817 by the addition of 40 A of 16
eV electrons. With a 65-gauss~filter and Id = 90 A, the addition of 50 A of
16 eV electrons increases the H' ion composition to about 90%., No significant
change in the ion current density at the extraction plane has been observed
with the addition of these 16 eV electrons. Thus, this technique can be of
interest after one has obtained the desired extraction ion current density

at the grid and wishes to increase the atomic component without changing the

ion density.
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Figure Captions

Schematic diagram of the ion source showing (a) the ring-cusp, (b) the
longitudinal line-cusp, and (c) the longitudinal line-cusp with the
magnetic filter,

The radial density profile near the plasma grid for the longitudinal
line~-cusp geometry.

Langmuir probe tréces obtained near the plasma grid for (a) the
longitudinal line-cusp, and.(b) the ring-cusp geometry.

The spectrometer output signal showing the hydrogen species for

(a) the longitudinal line-cusp, and (b) the ring-cusp geometry at
the same neutral gas pressure.

The hydrogen ion species distribution as a function of discharge
current for the longitudinal line-cusp geometry.

The hydrogen ion species distribution as a function of discharge
current for the ring-cusp geometry.

(a) The density profile and (b) the floating potential as a function
of radial position near the plasma grid for the ring-cusp geometry.
The permanent magnet filter.

(a) The ion saturation current obtained by a Langmuir probe near the
plasma grid, and (b) the hydrogen ion species distribution as a
function of the filter magnetic field.

The radial density profile near the plasma grid for the longitudipal
line-cisp geometry with the magnetic filter,

Ion saturation current obtained by a Langmuir probe near the plasma
grid as a function of the bias voltage between the source chamber

and the plasma grid together with the extraction chamber.
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Langmuir probe characteristics obtained near the plasma grid for
different bias voltages between the source chamber and the plasma
grid together with the extraction chamber. The zero reference
potential is the potential of the extraction chamber wall.

A plot of the magnetic field across the plane of the filter in
between two magnet rods.

Hydrogen ion species distribution as a function of discharge current
for the case with (solid lines) and without (dotted lines) the filter.
The spectrometer output signal showing the hydrogen ion species for

the case (a) without and, (b) with the addition of 16 eV electrons.
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